Solar Power Sail is a novel spacecraft with hybrid propulsion of large-area solar sail and electric propulsion driven by thin-film solar panel. The Solar Power Sail spacecraft is currently developed to probe into the outer-solar system bodies out to the Jupiter orbit, which was not well precedently explored. This mission aims to explore Trojan asteroids and interplanetary dusts by remote sensing and in-situ sampling using orbital rendezvous or fly-by technique. Scientific objective of this mission is not only planetary science but also novel astronomy; measurement of the infrared extragalactic background light without foreground contamination of the zodiacal light thanks to low-density environment at deep space, polarization measurement of the gamma-ray burst and accurate determination of its direction based on the interplanetary network technique. The Solar Power Sail mission will thus develop a new direction of space astronomy and planetary science providing us an interplanetary telescope site and will play an important roll to form a new interdisciplinary science field.
Introduction
Solar sail concept using solar photon acceleration was first experimentally proved by IKAROS (Interplanetary Kite-craft Accelerated by Radiation Of the Sun), which was launched in 2010 [1] . The hybrid propulsion system of solar photon acceleration and electric propulsion based on thin-film solar panel technology for IKAROS opened up a new way of the deep space exploration in outer planetary region of the solar system without nuclear technology. JAXA plans to build such a deep space probe and realize the technology verification mission bound to Jovian Trojan asteroids, which are located near the Sun-Jupiter Lagrange points L4 and L5, for the first time in 2020's [2] .
While exploring Trojan asteroids and flying back to the earth verifying the technology is main objective of the Solar Power Sail mission, this mission will provide us great opportunity for unique science observations of not only Trojan asteroids but also solar system bodies and astronomical objects. This paper describes typical cases of joint planetary and astronomical science to be achieved by the Solar Power Sail mission. Specifications of candidate science instruments required for the sciences are also shown.
Solar Power Sail Mission
A concept design of the Solar Power Sail is shown in Fig. 1 . The current concept design assumes a large-area sail membrane with an area of 2000 m 2 , which is 10 times larger than that of IKAROS. The generated power by thin-film solar panel attached to the sail is ~5 kW at 5 AU, sufficiently high to drive an ultra-high efficient electric propulsion system. The sail is connected to the main spacecraft located at its center by tethers and rotated at the angular velocity of 0.1-1 rpm for stabilization. Thus, for astronomical observations and remote sensing of the asteroids, pointing control system built in the science instruments to cancel the spacecraft rotation and/or fast-exposure operation of the detectors to freeze the object image will be required. The data transmission rate of ~1 MB/day at 5 AU will allow us to send a high-resolution image taken at deep space to the earth in a reasonable time. Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. Fig. 2 is an example of the mission sequence. The Solar Power Sail will orbit to Jupiter for 2.5 years after the earth swing-by at 1 AU for 2 years and fly-by to Trojan asteroids via Jupiter taking another 5 years. During the cruising period toward Jupiter via main asteroid belt, various interplanetary and astronomical observations will be carried out. As the final destination, Trojan asteroids will be explored by in-situ observations. Mission study of sampling and return of the asteroid material is presently going on.
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Scientific Objectives
Trojan asteroids
Jovian Trojan asteroids are as one of a few remaining final frontiers within our solar system, which may hold fundamental clues of the solar system formation and revolution. Their genesis is discussed by two competing hypotheses between the classic model and the more recent Nice model [3] . The former suggests that Trojan asteroids are mainly survivors of building blocks of the Jupiter system, while the latter claims that they must be intruders from outer regions after the planetary migration of gas planets settled. In previous years, scientific investigations of these dark, distant asteroid reservoirs were largely depended upon ground observations by large optical and spectroscopic telescopes, while few D-type asteroid analog meteorites were collected on the earth with an exception of Tagish Lake meteorites.
However, thanks to recent development of observational technologies such as adaptive optics, statistical studies of asteroids in Jovian L4 and L5 regions have been made possible and raised new questions about their compositions far beyond the current snow line and internal structures implied by binary system measurements [4] .
Hence, studying Trojan asteroids by in-situ observations and material sampling with the Solar Power Sail is definitely an important mission for this research field. In particular, infrared imaging and spectroscopy is a key observation to find and identify organic materials and water ice on the asteroid surface. Opportunistic fly-bys of the main-belt asteroids would also be useful for comparison of Trojan asteroids with reference samples of the D-type asteroid at different locations.
Sample/return of the Trojan asteroid material by the Solar Power Sail is certainly technology challenge, but there are great advantages of such mission against the remote observations in terms of the composition analysis, and it is under feasibility study.
Interplanetary dusts
The interplanetary dusts rotating around the sun are originated from the dusts generated by comet activity and asteroid collisions. Zodiacal light is the scattered sunlight by the interplanetary dusts integrated along the line-of-sight from the observer, and it is observed at the visible and near-infrared wavelengths as diffuse radiation. Thermal emissions from the interplanetary dusts are observed at longer infrared wavelengths as blackbody radiation at the color temperature of ~270K. From the spectral information of previous observations, size of the interplanetary dusts contributing to the zodiacal light is thought to be 10-100 microns. Dust trails and dust bands associated by comets and asteroids have been found by previous visible and infrared observations. Although it is known that the main asteroid belt is one of major dust source, the origin of main bulk of the dust cloud, comet vs. asteroid, is still controversy. Size distribution, composition and spatial distribution of the dusts in detail are not well known, either. Investigating the interplanetary dusts is also useful for the study of the dust disk of exo-solar system. Fine structures of the interplanetary dust distribution due to perturbation from planets, e.g., circum-solar ring [5, 6] could be a template of the dust disk to find the existence of planets in exo-solar system.
During long cruising period of the Solar Power Sail toward Jupiter, the zodiacal light intensity will be measured, and its dependence on the heliocentric distance will be investigated in terms of the 3-dimensional dust distribution. In-situ micrometeoroid impacts (dust counts) on as large sail membrane during the cruising period is another powerful method to investigate the interplanetary dust distribution, especially for the dusts an order of magnitude smaller than those contributes to the zodiacal light. Joint observation of the dust counting and the zodiacal light measurement will provide us a unified picture of the interplanetary dusts. Beyond the main asteroid belt, the zodiacal light will become negligibly dim, and distant objects in the solar system such as TNO/Kuiper-belt and Oort-cloud would appear at very faint brightness levels. Such an exciting discovery can be expected for this mission.
Sampling the dust particles with an aerogel collector during the cruising period and returning them back to the earth is the most powerful method to see real aspect of the interplanetary dust grains. Beyond the main asteroid belt, the interstellar dusts will also be collected. The same collector system can be used for the sample/return of the dusts emerged from the asteroid surface.
Extragalactic background light
The observation of the extragalactic background light (EBL) is an important clue to research into the cosmological evolution of galaxies and high-redshift universe, because it contains the information on the total energy released from diffuse gas and very faint objects in early universe, which cannot be resolved into individual sources even with very large telescopes. In fact, as shown in Fig. 3 , the near-infrared background detected by COBE and IRTS satellites shows an excess brightness over the integrated flux of galaxies calculated from the deep galaxy counts and their extrapolation based on standard galaxy evolution models [7] . A candidate for the origin of this "excess" brightness is first generation of stars in the early universe. In case of their redshifts of around 10, strong bumps at the wavelengths of 1.2 m and 0.9 m corresponding to the redshifted Ly-and/or Lyman limit should appear in the background spectrum. If the first-star origin is true, the result gives great impact to research field of galaxy evolution and cosmology.
The EBL brightness shown in Fig. 3 is obtained by careful subtraction of the zodiacal light and interplanetary dust emission by using its intensity variation against the ecliptic coordinate and the zodiacal cloud model. At low ecliptic latitude, where the zodiacal light brightness is high, accuracy of the zodiacal light subtraction from the observed brightness is relatively high. At high ecliptic latitude, however, the zodiacal light brightness is highly uncertain because of its small ecliptic-latitude dependence. If the zodiacal light contains an isotropic component, it cannot be separated from EBL. The mid-infrared EBL has never been positively detected, because the zodiacal emission is so strong that the faint extragalactic background light is easily affected by temporal/spatial fluctuations of the zodiacal light.
Hence, we propose visible-infrared measurement of the absolute flux of EBL by the Solar Power Sail mission during the cruising period beyond the main asteroid belt without uncertainty of the foreground zodiacal light [8] . In Fig. 3 we compare the expected brightness of the extragalactic background light with the zodiacal light brightness toward the ecliptic poles seen at 4 AU estimated from a zodiacal dust distribution model. The zodiacal light brightness seen from the deep space is comparable to or less than the integrated flux of known galaxies, and the EBL brightness will be directly measured even in the mid-infrared wave bands. Accurate measurement of the EBL spectrum allows us to decisively conclude whether the background excess is originated from the first stars or the other unknown physical phenomena.
Gamma ray bursts
Revealing mechanism of gamma ray burst (GRB) has been an important research subject in astronomy and physics. Gamma ray polarization of the burst event was first detected by GAP instrument onboard IKAROS, and the importance of magnetic field in the GRB mechanism was much pronounced by this success [9] . Gamma ray polarimetry of the other energetic objects such as neutron stars and active galactic nuclei is also favored to understand the mechanism of cosmic-jet formation.
It is expected that so-called "short GRB" event is accompanied by the gravitational waves, and determination of its position on the sky and identification of the associated object such as host-galaxy are important tasks for the gravitational-wave astronomy. Interplanetary network (IPN), a long base-line detection of an event from multiple sites, is powerful method to improve the position accuracy of GRB. The IPN can be constructed between the Solar Power Sail in the interplanetary space and the other satellites near the earth orbit. Thus, the Solar Power Sail mission will provide us great opportunity for driving the future of gamma-ray astronomy.
Science Instruments
General concept
Current list of the science instruments for the science requirement is shown in Table 1 .
In the cruising phase (Phase-I) in the mission sequence drawn in Fig. 2 , astronomical observations and interplanetary dust study will be carried out. In this phase, the EXZIT instrument, visible-infrared low-resolution spectrometer, will be fully operated to explore the EBL and heliocentric distance dependence of the zodiacal light. Gamma ray polarimeter will continuously patrol the GRB events and determine the source position with IPN method. Spacecraft attitude (telescope direction) will be determined with both star tracker and wide-field camera from sidereal information. Large-area dust impact detector will record the impact events, which compares with the zodiacal light brightness.
After arriving at Trojan asteroid, the spacecraft will stay apart at the home position, and a wide-field camera will measure topography. Combination of a visible-infrared spectrometer specified for remote sensing of the asteroid and the EXZIT instrument will obtain mineralogical information in the wavelength from visible to mid-infrared. Detection of infrared absorption features of water ice at 1.4, 1.9 and 3 m, organic material at around 3.4 m and hydrated mineral in 2.2-2.4 m is essential to identify the asteroid composition. Thermal infrared (Mid-infrared) measurement with EXZIT may give complementary information to the surface albedo. For detailed topographic investigation the spacecraft may orbit around the asteroid in the terminator orbit. In this phase, close-up pictures of the asteroid will be taken with the wide-field camera, and the asteroid gravity will be determined from the orbital elements.
In the final phase, regolith or dust particles recoiling from the asteroid surface by solar-particle hits will be sampled and returned to the earth. Part of the asteroid sample will be analyzed in-situ by onboard mass spectrometer, while detailed analysis will be done on the earth. In the sample return phase, the spacecraft will be available to continue the astronomical observations same as to be done in the initial cruising phase.
The wide-field camera can be identical to the one used for the HAYABUSA mission. The gamma ray polarimeter is under development based on the GAP instrument onboard IKAROS. The dust impact detector is also equivalent to the ALADDIN instrument used for IKAROS. Those instruments are feasible with high TRL for the use in the Solar Power Sail mission. On the other hand, as already wrote, sample and 
return of the dust/regolith and onboard analysis of the sample in-situ are technical challenges.
EXZIT instrument
Current specifications of the visible-infrared low-resolution spectrometer for the EBL measurement named EXZIT (Exo-Zodiacal cloud Infrared Telescope) are summarized in Table 2 . The observation wavelengths are divided into three channels of visible-Near-IR, Near-IR and Mid-IR. Each channel requires different temperature of the optics according to the expected brightness of thermal emission from the telescope itself. As shown in upper panel of Fig. 4 , the telescope optics is a 10-cm offset Gregorian followed by a camera lens optics focusing the image onto the detector. A great advantage of the Gregorian telescope is low stray-light levels owing to availability of putting both cold field stop (at primary focus) and cold aperture stop (at beam waist) in the optics. This property is essential for accurate measurement of EBL. The collimated light from the telescope can be split into two beams using a dichroic beam splitter, as shown lower panel of Fig. 4 . Since the configuration shown in Fig. 4 provides two wavelength channels (visible-NIR and near-infrared), another telescope module as the upper panel of Fig. 4 is needed for the third wavelength channel of mid-infrared (MIR), or multiple splitting of a single telescope beam (additional beam splitter in the lower panel of Fig. 4 ) is required. The latter case does not always reduce the size and mass of the total optics system, and further study is necessary to minimize the total volume and weight. The infrared detector has to be cooled to cryogenic temperature to minimize the dark current, which causes the flux uncertainty. The instrument will be cooled in the orbit by a passive cooling system. For the deep space orbit, the radiator enjoys full advantage of the location far from the sun, and the lowest temperature of ~35 K required for the best performance of the mid-infrared detector will be achieved at 5 AU.
The spectroscopic measurement will be done by putting a multi-color filter or linear variable filter in a part of the field-of-view (FOV) at the focal plane. Remaining part of the array detector will be used for wide-band imaging observations. The imaging spectroscopy will be performed by the FOV scan with the spacecraft rotation to the wavelength dispersion direction, as shown in Fig. 5 . For the asteroid imaging, counter rotation mechanism or fast exposure is necessary to freeze the image taken by rotating camera. The latter costs less resource, but the development of fast readout of the infrared detector is also technology challenge. 
Conclusion
Joint planetary and astronomical observations by Solar Power Sail will give great impacts to broad range of research fields. This mission will provide us an interplanetary space telescope moving out to 5 AU for new generation of space astronomy and planetary science and for new interdisciplinary science field. Realization of this mission in near future is highly demanded, and further mission study is needed.
